Peripheral polyneuropathy is a common complication of diabetes that can clinically affect 30% of all diabetic patients and is the most common form of diabetic neuropathy. The main symptoms are numbness, tingling, burning, and shooting pain in the legs, whereas the physical findings include reduced pain, touch, and vibratory perception in a symmetrical stocking glove distribution (1, 2) . Loss of protective sensation allows unperceived trauma and pressures of daily ambulation to cause foot ulcers, which can lead to prolonged immobilization or even amputation of the lower limb.
The main histologic changes of diabetic polyneuropathy are loss of myelinated and unmyelinated fibers and segmental demyelination. Changes in the myelinated fibers can be measured functionally in vivo by quantitating nerve conduction velocities and amplitudes of evoked responses, which are objective techniques and can assess nerve function without relying solely on the patient's subjective responses. In contrast, testing of small fibers is more difficult, as it is subjective and dependent on the patients' active participation (3) .
Hyperglycemia, which has emerged as a major risk factor for the development of diabetic neuropathy, may affect the peripheral sensory nerves through several mechanisms (2) . Several of the current hypotheses are shown in Figure 1 . First, the increased flux through the polyol pathway in hyperglycemic patients may lead to intracellular sorbitol accumulation and, potentially, to osmotic increase or changes in the NAD/NADH ratio induced by the flux through the aldose reductase pathway. These changes can cause direct neuronal damage or decrease neuronal blood flow, indirectly leading to peripheral nerve hypoxia. Second, the activation of protein kinase C (PKC) in response to increased diacylglycerol levels via the de novo synthesis pathway can affect the Na, K ATPase, and other enzymes that are important for maintaining cellular membrane potential and nerve conduction. In addition, PKC activation can induce vasoconstriction and reduce neuronal blood flow. Third, the auto-oxidation of glucose causes increased production of reactive oxygen species and the formation of advanced glycation end products (AGEs) by nonenzymatic glycation of proteins. AGEs then bind to a cell-surface receptor and cause activation of the NF-κB, which is associated with endothelial dysfunction and reduced nerve blood flow. Finally, diabetes impairs the hepatic ∆-6 desaturation of dietary linolenic acid to γ-linolenic acid and results in reduced synthesis of vasoactive prostanoid in the vasa nervorum. This defect leads to reduced endoneurial blood flow and nerve hypoxia. Each of these models finds some support in the various biochemical abnormalities seen in peripheral nerves and vasculature of diabetic patients.
Other physiological changes that accompany the onset of diabetes may also contribute to peripheral neuropathy. In particular, decreased blood flow to these nerves is one of the earliest functional findings in the development or induction of diabetes. The resulting local hypoxia in the peripheral nerves is believed to be a major pathogenic factor, although impaired mitochondrial functions and apoptosis of neurons and Schwann cells also occurs with similar timing and may act independently of hypoxia to induce peripheral nerve dysfunction. In addition, reduction in neurotrophic factors such as nerve growth factor availability (including neurotrophin-3 [NT-3], brainderived neurotrophic factor, and neurotrophin-4/5 [NT-4/5]) and aberrant phosphorylation of the neurofilaments that are responsible for the structural nerve axon integrity have also been implicated in the pathogenesis of diabetic neuropathy.
Microvascular changes in diabetes
In 1959, Fagerberg first described the thickening and hyalinization of the walls of the nerve vessels and suggested that these changes might explain the development of diabetic neuropathy (4) . Subsequent studies have confirmed the presence of endoneurial microangiopathy characterized by basement membrane thickening, endothelial cell hyperplasia and hypertrophy, and pericyte cell degeneration. These microvascular changes are not specific to the peripheral nerves, but occur in all organs and tissues in the diabetic state. Although these findings suggest that blood flow to the nerve is decreased, the lack of reliable, noninvasive techniques that can directly measure nerve blood flow has hampered the collection of data that can confirm or refute this hypothesis. The clearest supportive evidence is the demonstration of reduced sural endoneurial oxygen tension and epineurial oxygen saturation in the rat diabetes role (5) . On the other hand, a recent study employing laser Doppler flowmetry failed to show any association between sural nerve blood flow and early peripheral neuropathy in diabetic patients (6) . Therefore, in contrast to the experimental neuropathy discussed below, the magnitude of nerve flow impairment is not clear for clinical diabetic neuropathy. As a consequence, nerve blood flow cannot be employed as an efficacy endpoint in clinical trials.
Good glycemic control, the only proven treatment for diabetic neuropathy in humans (1) , is only known to prevent the development or halt the progression of the disease and has not been shown to reverse established lesions. A number of other interventions have been tested, including treatment with aldose reductase inhibitors, γ-linolenic acid, antioxidants such as α lipoic acid, and nerve growth factors (7) . Despite initial encouraging reports with most of these agents, the results of large perspective controlled clinical trials have invariably been negative, and none of the tested medications have been approved for use in this country. Therefore, an urgent need exists to develop new therapeutic approaches that will improve nerve function in diabetic patients.
Experimental diabetic neuropathy
Most of our information regarding experimental diabetic neuropathy derives from rats with streptozotocininduced diabetes or, to a lesser degree, from the spontaneously diabetic BB rat. Both models undergo axonal loss and secondary demyelination, similar to the changes to myelinated fibers observed in human neuropathy (8) . Also, as in the human disease, these changes can be assessed in vivo using nerve electrophysiology. Changes in the unmyelinated fibers can be tested only indirectly by employing behavioral tests, such as the tailflick response to a thermal noxious stimulus.
In contrast to human neuropathy, ample data are available in experimental neuropathy regarding the changes in nerve blood flow. Cameron et al. (9) , using microelectrode polarography and hydrogen clearance measurements, have measured a 40% reduction in endoneurial blood flow in streptozotocin-induced diabetic rats, beginning within a week of inducing diabetes, and persisting over a 4-month observation period. Laser Doppler flowmetry measurements in the sciatic nerve of streptozotocin-induced diabetic rats and spontaneously diabetic BB rats have yielded similar results (10) . Nerve blood flow is therefore routinely used as an end point in assessing new possible therapeutic agents in diabetic animals.
VEGF and diabetes
VEGF is a potent selective mitogenic cytokine for endothelial cells, and its expression can be induced by hypoxia through the hypoxia-inducible factor-1 (HIF-1) (11) . VEGF binds to several receptors, of which VEFG receptor 1 and 2 are the best characterized. Under normal conditions, the receptors are expressed at low levels, but, as is seen with VEGF itself, tissue hypoxia potently stimulates overexpression of these receptors. Hypoxia-induced VEGF and VEGF receptor expression promotes endothelial cell proliferation and migration, leading to angiogenesis and the development of collateral neovascularization in ischemic tissues (12) .
Because systemic factors such as diabetes, hypercholesterolemia, and aging are reported to impair VEGF expression in the heart and lower extremities, VEGF, administered either through gene therapy or protein injection, has been proposed to enhance collateral vessel growth and prevent tissue necrosis under ischemic conditions (13) . This approach to therapeutic angiogenesis is currently under intensive investigation and can be of particular benefit to diabetic patients with coronary or peripheral vascular disease. However, VEGF overexpression can also have a detrimental effect in the retina (14) . More specifically, retinal hypoxia in the diabetic state due to reduction of blood flow stimulates the expression of VEGF and results in retinal neovascular-
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Figure 1
Pathogenesis of diabetic neuropathy. Factors implicated in the pathogenesis of diabetic neuropathy include the activation of the polyol pathway, the activation of protein kinase C (PKC), increased oxidative stress, the impaired N-6 fatty acid metabolism, auto-oxidation of glucose, the formation of advanced glycation end products (AGEs), and the reduced bioavailability of neurotrophic factors. All these mechanisms are interrelated and can potentiate each other's detrimental effects. Although the exact mechanisms of their action are not well understood, it is currently believed that these factors lead to reduced Na + , K + ATPase activity and vasoconstriction, reduced endoneurial blood flow and nerve hypoxia. The latter changes then lead to reduced nerve conduction velocities, axonal loss, axonal demyelination, and nerve dysfunction. DAG, diacylglycerol.
ization and increased retinal vascular permeability. Macular edema, bleeding, fibrosis, and loss of vision may follow. Local and systemic VEGF antagonists have been proposed as potential therapeutic interventions for the treatment of diabetic macular edema and proliferative retinopathy (15) . Conversely, treatment with exogenous VEGF may well exacerbate these disorders. Another adverse effect of VEGF is that it significantly augments vascular permeability, and its use in clinical trials has been associated with the development of peripheral edema. Finally, it is also of some concern that in vitro studies have shown that VEGF activates the PKC pathway, which may contribute both to diabetic retinopathy and to neuropathy (Figure 1 ; see also ref. 16 ).
VEGF and diabetic neuropathy
Very little information is available regarding the role of VEGF in the development of diabetic neuropathy. While the peripheral nerves of diabetic patients are clearly hypoxic, it is not certain whether this hypoxia can lead to increased VEGF expression, as occurs in muscle and the retina. In streptozotocin-induced diabetic rats, VEGF expression has been reported to be increased in the sciatic nerve and dorsal root ganglia. Treatment with insulin and/or nerve growth factor can prevent the increases in VEGF expression (17) . VEGF gene transfer was initially tested on experimental ischemic peripheral neuropathy by Isner and his colleagues (18) . In a recent study, this group reported that transfer of naked DNA encoding VEGF into ischemic muscle of rabbits could slow or reverse the development of reduced nerve conduction velocities and sensory nerve action potentials. Furthermore, VEGF gene therapy was shown to prevent or reverse the establishment of axonal loss and myelin degeneration that was observed in the untreated animals with similar degrees of hindlimb ischemia. Blood flow at the nerve level, measured by Laser Doppler perfusion imaging and fluorescent BS-1 lectin staining, was also found to be preserved at normal levels in the VEGF-treated animals where it was considerably reduced in the untreated ischemic animals. Finally, it was also reported that VEGF stimulated the migration and prevented the hypoxia-induced apoptosis of Schwann cells in vitro, which exhibited VEGF receptors. Therefore, the authors suggested that VEGF, in addition to restoring blood flow by inducing angiogenesis, may directly promote the survival of peripheral nerve cells. Such characteristics would make VEGF an ideal agent for preventing or restoring nerve dysfunction in diabetes.
In a recent issue of the JCI, the same group of investigators advanced their observations by reporting the effect of VEGF gene transfer on experimental diabetic neuropathy (19) . Using a design similar to that in the previous report, they have studied peripheral nerve functions in streptozotocin-induced diabetic rats. Large nerve fibers were tested by measuring nerve conduction velocities, while the small fiber function was assessed by testing the tailflick in response to thermal noxious stimulus. Remarkably, VEGF gene transfer 12 weeks after the induction of diabetes fully restored nerve function abnormalities studied in both large and small fibers. Furthermore, VEGF restored nerve blood flow and nerve vessel numbers to levels that were observed in nondiabetic animals, indicating that VEGF exerts its beneficial effects by promoting angiogenesis in the peripheral nerves. The authors observed similar effects in alloxan-induced diabetic rats, indicating that these effects are not specific to a single animal model. Although it is tempting to speculate that considerable normalization in nerve pathology must underlie the observed improvement in nerve electrophysiology, this hypothesis remains to be tested by histological analysis.
Questions and concerns
As with all original, well-conducted studies, the present one creates as many questions as it answers. The first question to be addressed is how representative are the chosen animal models to human diabetic neuropathy. Both rats and rabbits in this, and the vast majority of other studies, have severely uncontrolled diabetes that makes them prone to dehydration and can induce a severe catabolic state. In this study, this can be best observed by the reduced weight of the diabetic rats when compared with the nondiabetic animals. Therefore, VEGF may act by reversing the catabolic stage locally, through the increase in the blood flow in the affected limb, rather than by reversing the conditions that are specifically related to the development of diabetic neuropathy in humans. The fact that VEGF induced similar effects in the ischemic rabbit hindlimb model further supports this possibility, as lower limb ischemia in humans does not cause neuropathy severe enough to be comparable to that observed in diabetes. Finally, it is also of interest that VEGF expression declined in untreated diabetic animals in the present study, in contrast to a previous report that indicated VEGF expression increases in untreated diabetes (17) . This difference in the previous study by Samii et al. and the present study could be due to the different metabolic state of the animals.
Another basis for healthy skepticism can be derived from the fact that VEGF is only one of many factors to be shown to have these dramatic effects on experimental neuropathy in rodents. A number of studies have shown similar reversal of nerve function and blood flow to normal levels by a variety of factors in experimental neuropathy only to fail to affect human neuropathy. Such factors include aldose reductase inhibitors, vasodilators such as prazosin, nifedipine, angiotensin-converting enzyme inhibitors, ET-1 antagonists, aminoguanidine that inhibits the formation of AGEs, γ-linolenic acid, nerve growth factors, acetyl-L-carnitine, and desforoxamine (20) . This has prompted investigators to question the validity of the experimental rodent models as representative of human diabetic neuropathy.
Clinical outlook
As shown in Figure 1 , human neuropathy is the result of multiple factors, so it may be too optimistic to believe that reversing one of them will halt or reverse nerve damage. The notion of targeting multiple mechanisms simultaneously by administering combination treatments is therefore winning converts among clinical investigators. Possible combinations include antioxidants, aldose reductase inhibitors, nerve growth factors, and/or PKC inhibitors (2, 5, 7, 21) . However, before such studies are conducted, detailed information will be required about each of the factors that contribute to the disease. Despite legitimate reservations about the applicability to human patients of findings in experimental diabetes, well-controlled studies provide essential guidance for clinical treatment of diabetic neuropathy.
The possible use of VEGF, which can have a direct impact on both the nerve blood flow and the nerve cells, offers distinct advantages over other therapeutic approaches that target either of these tissues separately. The fact that intramuscular VEGF gene transfer is a simple method that does not require elaborate techniques makes it a good candidate for clinical use in the future. Because the lower limb is often ischemic in diabetes, intramuscular VEGF transfer may help control not only nerve ischemia, but muscle ischemia as well.
Cautious attention should be paid, however, to the possible adverse effects of VEGF, particularly the development of proliferative retinopathy, a condition that is not present in the diabetic rat. Limited experience so far indicates that intramuscular VEGF gene transfer does not exacerbate retinopathy in humans, but considerably more data will be required before firm conclusions are justified. Furthermore, VEGF can cause peripheral edema in the lower extremity, and this can have grave consequences in the diabetic neuropathic patient. More specifically, the neuropathy-related insensitivity may not allow patients to feel that the increased size of their feet makes their shoes too small, causing the shoes to apply enough pressure on the skin to disrupt blood flow and cause skin necrosis. The possible mitogenic effects of VEGF in tumor development should also be kept in mind.
VEGF gene therapy is currently being tested in treating lower limb ischemia and promoting wound healing in diabetic and nondiabetic patients. The results of Schratzberger et al. (19) suggest that the effect of VEGF on nerve function should be included in the endpoints of such trials. Such preliminary data can be collected by using simple, noninvasive, easily performed methods and will not interfere with the original design of the study. Further clinical trials should be contemplated if preliminary data are encouraging.
